Swimming motility in bacteria depends upon the presence on the cell surface of the flagellar organelle, composed of the basal body, the hook, and the filament. The production of flagella is of such adaptive value that most bacterial species are endowed with flagella, despite the high energy requirement for the synthesis of the numerous flagellin monomers that are necessary to build and maintain the flagellar filament.
In enterobacteria, the genes involved in flagellar formation are organized into regulons which are arranged into three hierarchical classes. The first class is constituted by the flhDC master operon, whose expression is necessary to turn on class II genes, coding for components of the export machinery and for the hook and basal body. The class II gene fliA encodes 28 , the transcription factor for the class III genes, which include flagellar filament structural genes and the chemotaxis signal transduction system (7, 19) . In addition, many global regulators, such as CAP, H-NS, H-HU, Lrp, etc., have been reported to affect flagellar synthesis and assembly (5, 13, 24, 34) .
In Bacillus subtilis, a bona fide master operon is missing and all genes corresponding to the enteric class II are clustered in a single fla-che operon. The expression of the operon depends upon a A -recognized promoter (fla-che P A ), with an additional D -dependent promoter (P D-3 ) playing a minor role (1, 9) . Deletion of the fla-che P A promoter renders the cells completely nonmotile, or Mot Ϫ (40) . The sigD gene, encoding D , is at the end of the fla-che operon, and its expression is required for the transcription of class III genes for flagellin, motor components, receptors, autolysins, and chemotaxis (27) . One of the late flagellar gene products, FlgM, is an anti-sigma factor involved in the control of expression of D -dependent promoters (3) .
The regulation of motility in B. subtilis is integrated into a complex net of regulatory circuits controlling different adaptive responses, such as competence development and degradative enzyme synthesis and secretion (22) . The response regulator DegU controls the production of exoenzymes such as proteases, levan-sucrase, and ␣-amylase and is involved in competence development and motility. DegU is the second element of a two-component signaling system that is phosphorylated by the first component, DegS. Missense mutations within the degS and degU genes, designated degS(Hy) and degU (Hy) , that increase the half-life of the phosphorylated form of DegU (DegU-P) result in the overexpression of secreted enzymes and a lack of flagella (2, 8, 17, 23, 37) . One of the best-characterized such mutations is degU32(Hy) (15) . This mutation causes a strong reduction in the expression of sigD, as seen with a sigD-lacZ translational fusion, and prevents transcription from the cwlB D -dependent promoter (38) . The mechanism through which the phosphorylated form of DegU negatively regulates the expression of sigD is completely obscure.
To investigate the mechanism of action of DegU-P, we isolated and characterized mutations that suppress the effect of degU32(Hy) on motility. Our results indicate that DegU-P represses the transcription of the fla-che operon, thereby preventing the expression of genes coding for the hook and basal body components of the flagellum and for the D transcription factor. Furthermore, we show that purified DegU binds to the regulatory region of the fla-che operon.
MATERIALS AND METHODS
Bacterial strains and media. Table 1 lists the bacterial strains used for this study. B. subtilis strains were grown in Schaeffer sporulation medium (SM), PY broth (Pennassay antibiotic medium 3; Difco), or the minimal medium described by Kunst and Rapoport (18) . Motility was tested by spotting samples obtained from overnight colonies by use of toothpicks. The motility medium had the following composition:1% Bacto peptone, 8% Bacto gelatin, 1% Bacto agar, 0.5% NaCl, and 25 g of the appropriate growth requirement/ml. Escherichia coli cells were grown in Luria-Bertani broth. E. coli DH5␣ supE44 lacU169 (80 lac⌬ZM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 was used as a host for the construction of recombinant plasmids. E. coli C600 thi-1 thr-1 leuB6 lacY1 tonA21 supE44 was used as an intermediate host for plasmids prior to the transformation of B. subtilis. For protein expression and purification, we used E. coli BL21 D⌶3 (hsdS gal [ cIts857 ind1 Sam7 nin5 lacUV5-T7] gene1). Antibiotics were used at the following concentrations: ampicillin, 100 g/ml; erythromycin, 1 g/ml; kanamycin, 2.5 g/ml; chloramphenicol, 5 g/ml; phleomycin, 5 g/ml.
Genetic techniques. B. subtilis strains were transformed with chromosomal or plasmid DNA by the procedure of Kunst and Rapoport (18) . Transduction mapping with the PBS1 phage was performed according to Hoch et al. (16) . For genetic landmarks, we used a set of mutants constructed by several laboratories (32) . E. coli transformation was performed according to standard protocols (31) .
Construction of mutants. For the construction of strains with a deletion of the promoter P D-3 , a sequence of 191 bp overlapping the promoter was replaced with a kanamycin resistance determinant (Fig. 1A) . First a 485-bp DNA fragment corresponding to the intercistronic region downstream of P D-3 and extending into the coding sequence of flgB was amplified by a PCR with primers E8601 and B9070, which contained an EcoRI and a BamHI site, respectively. The template was chromosomal DNA from B. subtilis 168. The amplified fragment was purified with a Qiaquick PCR purification kit (Qiagen) and restricted with EcoRI and BamHI. After digestion, the DNA fragment was purified with the same kit and ligated to EcoRI-and BamHI-digested pJM114 (28) . The ligated plasmid was transformed into E. coli DH5␣ and called pGA10. A second DNA fragment of 474 bp extending from the middle of the codY coding sequence to four nucleotides after the codY stop codon was obtained by a PCR with primers K7936 and S8409, which contained a KpnI and a SalI recognition sequence, respectively. The amplified DNA was treated as described above and cloned into pGA10 that had been digested with KpnI and SalI. The final plasmid (pGA11) contained two fragments of DNA derived from B. subtilis strain 168 flanking the kanamycin resistance determinant. The plasmid was verified by sequencing. The plasmid DNA was linearized by ScaI digestion and used to transform competent cells of B. subtilis 168, selecting for Kan r (2.5 g/ml). One of the transformants (PB5306) was characterized by PCR and sequencing and its DNA was used to transfer the deletion mutation into strain PB5213, generating strain PB5307.
To place gene codY under the control of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible Pspac promoter, we proceeded in the following way (Fig.  1B) . A 451-bp DNA fragment corresponding to the end of gene clpY (upstream of codY) and part of codY was obtained by amplification of the chromosomal DNA with primers 7541 and 7971 ( Table 2 ). The purified DNA was cloned into pUC18 by use of the SureClone ligation kit (Amersham Pharmacia Biotec). After sequencing, one plasmid was chosen and digested with EcoRI and BamHI, and a DNA band of approximately 450 bp was purified and cloned into plasmid pMutin4 (39) , which had previously been digested with EcoRI and BamHI and dephosphorylated. The new plasmid, pMutin4/9, was verified by sequencing, transformed into E. coli strain C600, extracted, and used to transform B. subtilis 168 competent cells. Selection was done on tryptose blood agar base (Difco) plates with erythromycin at 1 g/ml. One transformant was retained (PB5290), and after PCR verification, its DNA was used to transform strain PB5213 to obtain strain PB5291. Strains PB5290 and PB5291 are thus derivatives of PB168 and PB5213, respectively, with the codY gene under the control of the IPTGinducible Pspac promoter. Plasmid pMutin4/9 was also used to transform strain PB5248 to obtain strain PB5368, in which the codY gene under the control of the Pspac promoter was combined with the dhsA245 deletion (Fig. 1E) . For a tighter repression of transcription from Pspac in the absence of the IPTG inducer, plasmid pMAP65, which overproduces LacI, was introduced by transformation and selection for Phleo r (30) . For the construction of the ylxF-lacZ transcriptional fusion, an internal fragment of the ylxF sequence was amplified by a PCR with the primers ylxF3 and ylxF2 ( Table 2 ). The amplified fragment (331 nucleotides) was restricted with EcoRI and BamHI and cloned into EcoRI-and BamHI-digested pMutin4 to generate pMutin331EB. The B. subtilis ylxF::pMutin4 (BFA2666) strain was obtained by Campbell-type integration of pMutin331EB into the chromosome of B. subtilis 168. The mutant construction was verified by PCRs with combinations of the ylxF3 and ylxF2 primers and oligonucleotides corresponding to sequences of the vector.
To construct strain PB5323, in which the dhsA4 mutation was separated from the cod operon, we cloned the complete coding sequence of gene codY into the integrative plasmid pJM114 (28) . The codY gene was generated from the chromosomal DNA by a PCR with primers codY2 and codYB, which contained an EcoRI and a BamHI site, respectively ( Table 2 ). The amplified fragment was purified, digested, and ligated into pJM114, which had been digested with EcoRI and BamHI as reported above. The new plasmid (pPB01) was expanded in E. coli strain C600 and used to transform competent cells of strain PB5317 (dhsA4), selecting for Kan r (Fig. 1D ).
␤-Galactosidase activity assay. To assay ␤-galactosidase activity, we diluted overnight cultures in SM in fresh medium and took samples at 30-min intervals for optical density readings at 525 nm and ␤-galactosidase activity determinations. The calculation of ␤-galactosidase units was done in modified Miller units (29) . 
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Preparation of RNA. The following protocol, adapted from the work of Caldwell et al. (6) , was used to prepare B. subtilis RNA samples for reverse transcription-PCR (RT-PCR). Samples (5 ml) of cultures in SM were collected and rapidly frozen by dripping into approximately 40 ml of liquid nitrogen in a 50-ml Falcon tube. The tubes were stored at Ϫ80°C overnight. The frozen droplets were transferred to a commercial hand-held coffee grinder that was prechilled and contained crushed dry ice. The sample was ground for 2 min in a cold room and the powder was transferred to a new Falcon tube and stored at Ϫ20°C overnight to allow the dry ice to sublime. The frozen sample was treated with 5 ml of phenol saturated with Tris-EDTA buffer (pH 7.8), mixed, and incubated at 65°C for 3 min. After cooling for 3 min on ice, the mixture was centrifuged at 12,000 ϫ g for 10 min at 4°C. The upper aqueous phase was extracted with an equal volume of phenol, and the procedure was repeated four additional times. The last aqueous phase was transferred to a 1.5-ml Eppendorf tube, and 5 volumes of Trizol reagent (GIBCO BRL) was added. After mixing, the sample was incubated at room temperature for 5 min. Chloroform was added (1 volume of the aqueous phase), mixed for 15 s, and incubated for 3 min at room temperature. After centrifugation at 12,000 ϫ g for 15 min at 4°C, the aqueous phase was carefully removed and transferred to a new tube, and the RNA was precipitated with a one-half volume of isopropanol at room temperature for 10 min. After centrifugation at 12,000 ϫ g for 10 min at 4°C, the supernatant was removed and the pellet was washed with 70% ethanol and centrifuged at 7,500 ϫ g for 5 min at room temperature. The pellet was air dried for 15 min and dissolved in diethyl pyrocarbonate-treated water. The yield was determined by UV spectroscopy.
RT-PCR. We used RT-PCR to evaluate the presence of readthrough transcription from the cod operon into the fla-che operon. Wild-type, degU 32 , and degU 32 dhs mutant cells grown in SM were harvested at T Ϫ1 (1 h before the transition point), T 0 (the transition point between the exponential and postexponential growth phases), and T 2 (2 h after the transition point), and RNAs were isolated as described above.
A cDNA were synthesized by RT, with purified RNA as a template and with primer flgB1 (Table 2 ; also see Fig. 8 ), which was complementary to the flgB gene mRNA. For these experiments, 3 g of RNA template was mixed in a final volume of 12 l with 20 pmol of the oligonucleotide flgB1. The sample was denatured for 5 min at 70°C and cooled for 1 min on ice. The following reagents were added to this mixture: 4 l of 5ϫ first-strand buffer (GIBCO BRL), 2 l of 0.1 M dithiothreitol, and 1 l of 10 mM (each) deoxynucleoside triphosphates. After incubation at 42°C for 2 min, 1 l (200 U) of SuperScript II reverse transcriptase (GIBCO BRL) was added, and the incubation was prolonged for 1 h at 42°C. The sample was treated with 1 l of RNase H (2 U/l; GIBCO BRL) for 10 min at 55°C and then allowed to cool. The resulting cDNA was used as a template to synthesize and amplify DNA fragments with Taq DNA polymerase (5 U/l; GIBCO BRL). The downstream primer was flgB2, which was complementary to the noncoding strand. Two different upstream primers, 7901 and PA, were used (Table 2 ; also see Fig. 8 ). Primer 7901, which was complementary to the codY transcript, was used to detect readthrough cod-flgB transcripts, whereas primer PA was used to detect both readthrough transcripts and transcripts initiating at the P A promoter. The second reaction contained 1.5 l of the product of the first reaction and 15 pmol each of primer flgB2 and primer PA (or primer 7901) in a final volume of 20 l. The conditions for PCR were as follows: 94°C for 1 min, 54°C for 1 min, and 72°C for 1 min for 40 cycles. The resulting RT-PCR products were analyzed by agarose gel electrophoresis (see Fig. 8 ). RT-PCRs in the absence of reverse transcriptase were performed in parallel to check for DNA contamination. PCR products from chromosomal DNAs from the parental and mutant strains obtained with the same primers (flgB2 and 7901) were run in parallel with the samples.
Purification of DegU. The degU gene was PCR amplified from wild-type (PB168) and degU32(Hy) mutant (PB5213) chromosomal DNAs with primers degU-Nt and degU-Ct (Table 2) . Both primers contained a restriction site for NdeI, which was used to clone the genes into the expression plasmids pET12a and pET16B (Novagen). Four plasmids were thus obtained: two were derivatives of pET12a (pET12Uwt and pET12Uhy) coding for the wild-type and mutant proteins, respectively, and two were derivatives of pET16b (pET16Uwt and pET16Uhy) coding for the two proteins with an N-terminal His 6 -tag fusion (named H6-DegU and H6-DegU32, respectively). For expression of the recombinant proteins, E. coli 〉L21 DE3(pLys) competent cells were transformed with the plasmids, inoculated in Luria-Bertani medium containing 100 g of ampicillin/ml, grown at 37°C to an optical density at 600 nm of 0.6, and induced with 1 mM IPTG, and growth was then continued for 2.5 additional hours. Cells from 5-ml cultures were collected by centrifugation and washed twice in phosphatebuffered saline (140 mM NaCl, 27 mM KCl, 101 mM Na 2 HPO 4 , 18 mM KH 2 PO 4 , pH 7.3). The pellets were resuspended in buffer A (20 mM Tris-HCl [pH 8.0], 200 mM NaCl) supplemented with 0.5 mM phenylmethylsulfonyl fluoride and 1 mg of lysozyme/ml. After the cells were incubated on ice for 30 min, Triton X-100 (1% final concentration), 5 g of DNase/ml, and 5 g of RNase/ml were added. The samples were further incubated on ice for 15 min, and the cells were then broken by sonication (five pulses of 15 s each with 15-s intervals, on ice) and centrifuged for 10 min at 12,000 ϫ g. The pellet was dissolved in 400 l of buffer B (20 mM Tris-HCl [pH 8.0], 200 mM NaCl, 5 M urea) and gently stirred on ice for 1 h. The samples were centrifuged in a microcentrifuge for 10 min at 12,000 rpm, and the supernatants were recovered. For purification of the His 6 -tagged proteins, the supernatants were each mixed with 20 l of Ni-nitriloacetate agarose (Qiagen) and stirred on ice for 45 min. The resin was recovered by centrifugation and washed three times with buffer A. The fusion proteins were eluted with 100 mM imidazole (for H6-DegU) or 200 mM imidazole (for H6-DegU32) in buffer A. Prior to their utilization for gel retardation analysis, the proteins were dialyzed against water.
Electrophoretic mobility shift assays. Electrophoretic mobility shift assays were performed as described by Hamoen et al. (12) . DNA fragments from the codY-flgB intercistronic region were obtained by PCR amplification with the primers described in Fig. 10A and Table 2 . Chromosomal DNA from strain PB168 was used as a template. After purification with a PCR purification kit (Qiagen), the fragments were end labeled with T4 polynucleotide kinase and [␥-32 P]ATP (2,500 Ci/mmol, 10 mCi/ml; Amersham). The probes were purified with a PCR purification kit (Qiagen), and approximately 1 ng of probe was mixed with the protein in binding buffer (20 mM Tris-HCl [pH 8.0], 100 mM KCl, 5 mM MgCl 2 , 0.5 mM dithiothreitol, 10% [vol/vol] glycerol, 0.05% Nonidet P-40, 0.05 mg of bovine serum albumin/ml) containing 0.05 g of sonicated salmon sperm DNA/ml as a nonspecific competitor. After incubation at 37°C for 20 min, the samples were loaded into a nondenaturing 6.5% polyacrylamide gel. Gels were run in TAE buffer (40 mM Tris-acetate [pH 8.0], 2 mM EDTA) at 10 mA (65 V) for about 90 min and then were autoradiographed (Hyperfilm MP). B. subtilis specific competitor DNA was obtained by PCR and used at a 100-fold excess over the amount of labeled probe.
RESULTS
DegU-P represses motility. B. subtilis strains with the degU32(Hy) mutation are nonmotile (2, 17) (see Fig. 3 ). Using the lacZ reporter gene transcriptionally fused to the hag flagellin promoter (Phag), we confirmed that transcription is completely abolished in the degU32(Hy) background (Table 3) . It has been reported that the degU32(Hy) mutation causes a strong reduction in the expression of a sigD-lacZ translational fusion (38) . Using anti-SigD antibodies for an immunoblot analysis, we confirmed that in the mutant strain the SigD protein is barely detectable (data not shown). In addition, we measured the expression of the fla-che operon, in which sigD is present, by using a lacZ transcriptional fusion. For this purpose, we used the pMutin4 vector (39) , in which a fragment derived from the ylxF open reading frame was cloned. ylxF is the ninth open reading frame of the fla-che operon. As reported in Fig. 2 , in the wild-type background ␤-galactosidase activity reached the maximal value at approximately the end of exponential growth and eventually decreased. In the presence of the degU32(Hy) mutation, no ␤-galactosidase activity could be detected (Fig. 2 and Table 3 ). The expression of hag-lacZ could be rescued by the production of SigD from a plasmid (Table 3 ). This was obtained by the transformation of strain PB5267 (degU32) with plasmid pSigD, which contains sigD under the control of the IPTG-inducible Pspac promoter (3). Nevertheless, the transformants were nonmotile. In accordance with this phenotype, the expression of the fla-che operon, measured as the ␤-galactosidase activity of the ylxFlacZ fusion, was not affected by the induction of SigD and remained at undetectable levels (Table 3 ). This suggests that the lack of flagella and motility cannot be ascribed only to the absence of an active SigD factor.
We observed the same drastic reduction in Phag-dependent transcription in the presence of the degS200(Hy) mutation (Table 3 ). Since both mutations cause an increase in the halflife of the phosphorylated form of DegU (DegU-P) (8, 37) , we propose that the observed transcriptional repression is dependent upon the presence of DegU-P. This interpretation is indirectly supported by the lack of any effect on hag-lacZ expression of a deletion involving degS and degU (data not shown). In addition, we transferred the deletion of degSU by transformation into the degU32(Hy) strain. For this purpose, we used a mutant in which the degSU operon is replaced with a kanamycin resistance determinant (23) . The Kan r transformants recovered motility completely (data not shown). The same deletion introduced into the Mot ϩ suppressed strain PB5248 (see below) did not alter the Mot ϩ phenotype. These results support an active role for DegU-P in repressing motility.
Isolation and mapping of a suppressor mutant. To understand the mechanism of action of DegU-P, we searched for a spontaneous suppressor mutant of the Mot Ϫ phenotype in a degU32(Hy) background. Strain PB5213 (degU32 Mot Ϫ ) was spotted onto a motility plate. After incubation, cells from the peripheral boundaries of the growth zone were isolate and characterized. One motile strain, PB5248, which retained the original degU32(Hy) mutation, as assessed by sequencing and the protease hyperproduction phenotype, was chosen for characterization. The suppressing mutation was called dhsA245, for degU high suppressor. The Mot ϩ phenotype was stable, even after several passages through a single colony. On motility plates, the suppressed strain moved to an extent that was comparable to that of the parental strain PB168 (Fig. 3) . It also largely recovered expression from the hag promoter, as shown by the level of ␤-galactosidase activity ( Table 3) . The suppressor was genetically mapped by PBS1-mediated transduction, with lysates obtained from a collection of derivatives of strain PB168 with the erythromycin resistance marker present in defined genes around the chromosome used as donors (32) . Transductants selected for Ery r were screened for motility; the replacement of the dhsA245 mutant allele with the wild-type gene was expected to confer a Mot Ϫ phenotype. Of 18 markers tested, 5 consistently showed significant linkage to dhsA245, indicating that it mapped at approximately 144° (Fig.  4) . It should be pointed out that this position is far from the location of gene degU at 311°. Transformation crosses allowed us to restrict the region to the portion of the chromosome comprising the area between the ylqB and ylxF genes (Fig. 4 ).
Further refinement of the genetic map was not attempted. To pinpoint the dhsA245 mutation, we determined the nucleotide sequence of approximately 20 kb in the region. The sequence derived from strain PB5248 [degU32(Hy) dhsA245] differed from the sequence of the reference strain 168 by only a 245-bp deletion (see Fig. 7 ). The deletion encompassed the end of the codY gene and part of the intercistronic region between codY and flgB. As a result of the mutation, the deduced CodY protein is 251 residues long, instead of 259, and the last 8 residues differ from the wild-type protein. The span of the deletion should be sufficient to abolish the activity of the protein, as reported for an insertion mutation, cod-37, that causes a frame shift and results in a polypeptide of 251 amino acids (35) . We monitored the expression of a hut-lacZ and a dpplacZ fusion, which were previously reported to be negatively controlled by CodY (10) . The expression of the two fusions was significantly increased in strains with the dhsA245 mutation, in agreement with the inactivation of gene codY in the suppressed mutant (data not shown). Downstream of gene codY, the deletion eliminates the D -dependent promoter P D-3 of the flache operon, which contributes marginally to the expression of the operon (9, 40) .
To evaluate the role of the deletion as a suppressor of degU32(Hy), we transduced the recipient strain PB5248 [degU32(Hy) dhsA245] with a PBS1 lysate derived from the BFA 2626 strain, which has an Ery r determinant linked to the pksL gene (Fig. 4) . As expected from the distance between pksL and dhsA245, approximately 50% of the Ery r transductants were Mot Ϫ . We assayed for the presence or absence of the deletion by PCR; all 11 Mot Ϫ transductants tested had the donor (wild-type) configuration and all 10 Mot ϩ isolates retained the deletion of the recipient. We concluded that the deletion is responsible for the suppression of the degU32(Hy) Mot Ϫ phenotype. Gene codY and the promoter P D-3 are not responsible for suppression. Two explanations for the mechanism of suppression by the dhsA245 deletion mutation are possible: it occurs either by the inactivation of gene codY or by the elimination of the P D-3 promoter region. CodY has been implicated in the nutritional repression of flagellin expression observed during early stages of exponential growth in complex media (4, 21) . Even though DegU phosphorylation is predominant late in exponential growth and at the beginning of stationary phase, a possible involvement of CodY in the repression exerted by DegU-P could not be ignored. Transcription from the P D-3 promoter does not contribute significantly to the expression of the fla-che operon (40) , but the effects of a deletion mutation affecting only P D-3 have not been investigated. To address these questions, we analyzed the effects of single deletions of codY and P D-3 .
First, we constructed a strain with one copy of the codY gene disrupted and with a second copy under the control of the IPTG-inducible Pspac promoter (Fig. 1B) . To this end, we used the integrative plasmid pMutin4 (39) , in which we cloned a fragment of 450 bp, extending from the middle part of clpY (the gene immediately upstream of codY) to the middle of codY. We transformed the parental PB168 strain with the pMutin4 derivative. The transformants were Mot ϩ in both the presence and the absence of the inducer IPTG (data not shown). We concluded that the inactivation of codY (absence of inducer) or (over)expression of CodY (in the presence of 1 and 3 mM IPTG) did not interfere with motility in an otherwise wild-type background. The chromosomal DNA of one of the transformants (PB5290) was used to transfer the construction into PB5213 [degU32(Hy)]. The new transformants were still Mot Ϫ , in both the presence and the absence of the IPTG inducer (data not shown). The same result, a lack of suppression of the degU32(Hy) Mot Ϫ phenotype, was observed by the transfer into PB5213 of the codY deletion mutation described by Serror and Sonenshein (34) . All transformants with the deletion were Mot Ϫ , and the level of expression of hag-lacZ fusions was very low, comparable to that obtained in the parental PB5213 strain (Table 3) . We concluded that the codY gene is not involved in the repression exerted by DegU-P.
The possible involvement of the D -dependent promoter P D-3 was evaluated through the construction of a 191-bp deletion extending from immediately downstream of the codY stop codon to approximately half of the codY-flgB intercistronic region. The P D-3 sequence was completely deleted, whereas the P A and surrounding sequences were unaltered. The deleted sequence was replaced with the kanamycin resistance determinant, with the direction of transcription being opposite that of the fla-che operon (Fig. 1A) . In an otherwise wild-type background, the P D-3 deletion did not interfere with motility, with the expression of hag-lacZ fusions, or with transcription of the fla-che operon (Fig. 5 and data not shown) . When it was transferred into the degU32(Hy) strain, the deletion did not restore the Mot ϩ phenotype and did not allow expression of the hag-lacZ transcriptional fusion and the fla-che operon (Fig.  5) . We thus conclude that, under these experimental conditions, the P D-3 promoter does not affect the expression of the fla-che operon and is not involved in the DegU-P-dependent repression of motility.
Isolation of additional degU32(Hy) suppressor mutants. From the above results, it appears that suppression of the Mot Ϫ phenotype of the degU32(Hy) mutants depends on the presence of a deletion extending from the end of codY to upstream of the P A promoter of the fla-che operon. It is also evident that deletion of the codY gene or of the sequence of the P D-3 promoter does not restore the Mot ϩ phenotype. To obtain independent indications of the nature of the suppression and the mechanism of action of DegU(-P), we isolated additional suppressor mutants. Nine independent mutants were isolated and characterized at the genetic and molecular level, and they were designated dhsA1 to -6, -8, -10, and -11. All of the mutants maintained the original high level of exoprotease production and the degU32 mutation (data not shown). All of the suppressor mutations were genetically linked to the erythromycin resistance determinant present in ylq. The cotransduction frequencies were high, ranging from 81% for the dhsA6 mutant to 98% for the dhsA11 mutant. The mutations were characterized by PCR amplification (Fig. 6) and DNA sequencing. Seven mutations were deletions in the codY-flgB region and extending from bp 73 of dhsA11 to bp 1065 of dhsA5. This last deletion extended into gene clpY, upstream of codY, and did not give a PCR product with the pair of oligonucleotides used (Fig. 6, lane 8) . The dhsA3 mutation was identical to the deletion in strain PB5248. The only region missing from all of the deletions started at the nucleotide immediately following the codY stop codon and ended 37 nucleotides further downstream. The consequence of the deletion was the complete removal of the putative intrinsic termination site of transcription that is normally present immediately downstream of the codY gene (Fig. 7) . The simplest interpretation of this result is that in the absence of the termination signal, transcription from the cod operon can proceed through the intercistronic region and bypass the control exerted by DegU(-P). Two of the dhs mutations (dhsA6 and dhsA10) were identical point mutations, changing one A residue to a T residue (on the noncoding strand). The mutation increase the affinity of RNA polymerase for the promoter (14) . Transcriptional readthrough. To evaluate the presence of readthrough transcripts in the suppressed strain PB5248, we used RT-PCR analysis. RNAs were purified from both parental (PB168) and dhsA245 (PB5248) cells at three time points during the growth curve, i.e., at the transition from exponential to stationary phase (T 0 ), 1 h earlier (T Ϫ1 ), and 2 h into stationary phase (T 2 ). The in vivo transcription products were analyzed by a two-step procedure (Fig. 8) . First, a single filament cDNA was obtained by RT primed with oligonucleotide flgB1, which corresponded to a sequence within the flgB open reading frame (Fig. 8A) . Subsequently, a small aliquot of the product of the first reaction was diluted 13 times, and two different PCRs were performed. The primer flgB2 was used in both PCRs; this primer was derived from within the flgB sequence, upstream of the flgB1 primer used for RT. In one set of reactions, amplification was carried out with primer PA, corresponding to the P A promoter, to obtain a product of 115 bp derived from the transcript synthesized from the P A promoter and from the hypothetical readthrough product. The second set of reactions used oligonucleotide 7901, which hybridizes to the codY gene, in addition to the flgB2 primer (Fig.  8A) . The amplification product derived from the codY-flgB readthrough transcript was expected to be 948 bp long. In the presence of the dhsA245 deletion, the amplification product was expected to be 703 bp long. Control reactions without reverse transcriptase were included in each experiment. As expected, a 115-bp product was obtained from reactions derived from extracts of both the parental (PB168) and the suppressed PB5248 Mot ϩ strain; the degU32(Hy) RNA did not give any product (data not shown). For the parental strain, the 115-bp band was present at T Ϫ1 and T 0 and absent from the T 2 sample. For the suppressed mutant, the band was present at T 2 as well. The 703-bp PCR product corresponding to a readthrough from the cod operon was detected at all time points examined for the strain with the dhsA245 deletion (Fig.  8B) . The product was absent from the RT-PCR performed with RNA from the parental strain PB168 (Fig. 8B) . These results confirm the interpretation that the Mot ϩ phenotype shown by the degU32(Hy) suppressed strains is due to expression of the fla-che operon by readthrough transcription driven from the cod operon promoter. For some experiments, a faint band of 948 bp was detected in the reaction mixture from the parental strain RNA, suggesting that some readthrough may occur in wild-type cells.
The significance of transcriptional readthrough in the suppression of the degU32 Mot Ϫ phenotype was also supported by the behavior of strain PB5323, in which the dhsA4 mutation was moved away from the cod operon. The strain was derived from the suppressed Mot ϩ dhsA4 mutant by the insertion of plasmid pPB01, a derivative of pJM114 carrying the complete codY coding sequence, into the chromosome. As a result of a Campbell-type insertion (Fig. 1D) , an intact codY gene was present at the original position in the cod operon, whereas the fla-che operon and its regulatory region were separated from the cod operon by plasmid sequences. As a result of this manipulation, the strain derived from the suppressed Mot ϩ dhsA4 mutant became Mot Ϫ (Fig. 3) . This result can be interpreted as due to a lack of readthrough and thus a lack of expression of the fla-che operon, whose transcription is repressed by DegU (-P).
Further support for the interpretation that transcriptional readthrough can account for the suppression of the degU32 Mot Ϫ phenotype was obtained by combining the dhsA245 deletion with a codY gene under the control of the Pspac promoter (Fig. 1E) . In this genetic background, the suppression (Mot ϩ ) was strictly dependent on IPTG induction ( Fig. 1E and  9 ). In the control strain PB5291, with the putative transcription terminator downstream of codY, IPTG induction did not affect the Mot Ϫ phenotype (Fig. 1B and 9 ). DegU specifically binds the P A promoter of the fla-che operon. The results reported above strongly suggest that DegU(-P) acts as a repressor of transcription of the fla-che operon. DegU has been shown to bind to the comK and aprE promoter regions (12, 26) . Electrophoretic mobility shift assays were used to monitor the ability of DegU to bind to the fla-che promoter region. Probes of various lengths derived from the intercistronic region between codY and flgB ( In addition, we also tested partially purified DegU and DegU32 proteins without the His tag, again with the same type of results (data not shown).
As shown in Fig. 10C , DegU binds specifically to the DNA region containing the P A promoter of the fla-che operon. The DegU protein failed to bind to probes from upstream or downstream of P A (Fig. 10A) ; moreover, these DNA fragments failed to compete with the specific probe for DegU binding (Fig. 10C) . The binding specificity was further demonstrated by the complete competition of the reaction obtained with an excess of unlabeled DNA probe (Fig. 10C) . Thus, we conclude that the P A promoter region of the fla-che operon is a target for DegU binding.
DISCUSSION
The isolation and characterization of suppressor mutations of the Mot Ϫ phenotype due to the presence of the degU32(Hy) allele have shed some light on the mechanism of action of DegU on motility. All of the independent mutants isolated were altered in the codY-flgB region of the chromosome.
No additional locus was found to be involved in suppression, strongly suggesting that DegU(-P) is the only trans-acting fac- FIG. 9 . The deletion of ⌬dhsA245 in combination with Pspac-dependent codY renders the strain IPTG dependent for motility. The plates were prepared as described in the legend to Fig. 3 . The IPTG inducer was present at 2 mM. tor and that it has only one target, the codY-flgB intercistronic region.
The observed mutations fell into two groups, namely, deletions and point mutations. The deletions had different lengths, but all had in common the removal of the transcription termination signal of the cod operon. Our results indicate that as an effect of the deletion, transcription from the cod promoter can continue into the fla-che operon. Since this readthrough is sufficient to allow the production of flagella and the acquisition of the Mot ϩ phenotype, it means that DegU(-P) acts by preventing transcription of the fla-che operon. This is a simple, straightforward model: DegU(-P) binds to the sequence in the proximity of P A , thus preventing binding of the RNA polymerase and transcription initiation. In fact, by performing a gel retardation analysis, we demonstrated that DegU binds to the P A promoter region of the fla-che operon. DegU has been shown to bind to the comK promoter (12) , and more recently, to the aprE promoter (26) . In our model, deletion of the transcription terminator allows RNA polymerase to proceed beyond the cod operon and to overcome the block represented by the DegU(-P) repressor bound to the fla-che operator site.
The repressor-operator model was also supported by the effect of two point mutations that changed the Ϫ35 hexamer of the P A promoter to a nearly perfect consensus sequence (14) . Such a modification should allow a more efficient interaction between the RNA polymerase and the P A promoter and should increase the stability of the closed complex. If the operator sequence were to interdigitate with the promoter sequence, which is possible, a point mutation increasing the affinity of RNA polymerase for the promoter would reduce the effect of steric hindrance of a negative regulator, favoring transcription against repression.
A repressive role of DegU(-P) on the fla-che operon is supported by the results of a whole-genome transcriptional analysis, in which the overexpression of DegU mimicked the phosphorylation state of the response regulator (25) . The flache operon genes were among those that were down-regulated by the overproduction of DegU (20, 25) . Furthermore, the expression of degSU is induced by growth in a high-salinity medium, and under these conditions, transcription of the flache operon is strongly repressed (36) .
Upon entering stationary phase, several different options are available to the starving bacterial cell. Among these for B. subtilis is the production of extracellular enzymes that scavenge the environment and free new resources. We may assume that the synthesis and secretion of degradative enzymes require a fair amount of energy, which is especially valuable in cells confronted with the depletion of nutrients. A different option consists of motility and chemotactic behavior, enabling the cells to move to new territories. This reaction also requires a large amount of energy, especially to assemble and maintain the flagellar filaments. Hence, it is not unexpected that the two responses are alternative. In fact, motility and enzyme secretion appear to be sequentially activated, with motility reaching its maximal activity at approximately T Ϫ1 and the secretion of exoenzymes peaking only after the beginning of the stationary phase. The DegS-DegU two-component system is involved in the regulation of the two alternative adaptive pathways. We suggest that the level of phosphorylated DegU negatively controls motility and activates exoenzyme production. An increase in DegU phosphorylation at the end of the exponential growth phase could be responsible for the observed decrease in transcription of the flagellum-related genes (3). The role of DegU-P on degradative enzyme synthesis is well documented (22) . The temporal sequence of events occurring around the transition phase may be dictated by the state of the DegU response regulator, which in turn affects the stability of the protein.
The fla-che operon comprises the majority of the genes whose products are structural components of the flagellum, in addition to several genes involved in chemotaxis. The sigD cistron, coding for D , is at the end of the 26-kbp operon, and its expression is essential for transcription of the late genes. In addition to being a target of DegU, the fla-che operon promoter region is the target of the CodY nutritional repressor that controls the expression of the operon in response to nutrient availability (4) . The high expression level of the fla-che operon observed in strains with the dhsA245 deletion (Fig. 2) is probably a consequence of a lack of control exerted by both CodY and DegU upon the operon. The deletion inactivates the codY gene and removes the transcription terminator, allowing readthrough. The operon is released from the combined effects of CodY and DegU and is transcribed at an unusual level.
The on-off switch of the fla-che operon appears to be the first step in the cascade of events leading to the synthesis of the flagellar components and to the assembly and functioning of the organelle. Thus, the fla-che operon is in a pivotal position in the regulation of motility and chemotaxis in B. subtilis.
